Nuclear and isotope methods in one form or another are regarded as essential tools for carrying out nutrition research besides enhancing sensitivity of nutrition monitoring techniques. They have been used extensively in industrialized countries to analyze human energy requirements, body composition including bone mineral density, to determine food composition, and to study metabolism of important nutrients such as protein, fat, vitamins, and minerals. The information acquired has led to many improvements in nutrition and health. Importantly, the developmental needs of countries in economic transition are being increasingly identified and resolved through field applications of isotopic tools, thus strengthening health and nutrition monitoring. Currently, several strategic applications of isotopic techniques are being introduced in developing countries where they can benefit millions through monitoring improvement in nutritional status, and serve as specific indicators of broader social and economic advances. These examples are highlighted in this report.
Introduction
Nuclear techniques have been used extensively to study animal and nutrient metabolism [1] . These techniques have used both radioactive and stable isotopes. They can be detected easily in physiological fluids; however, the use of radioisotopes can be a health concern because of radiation exposure or restricted on the basis of certain types of groups like pregnant women or infants. Also, radioisotopes can decay very rapidly and are of limited use in human studies.
On the other hand, extensive applications of stable isotopes in nutrition research have been documented [2, 3] . Stable isotopes can be used safely even in infants and pregnant women. They are innocuous in the amounts used, do not decay, can be handled with relative ease under laboratory or field conditions, and can be stored for long periods. However, they can be expensive and require high-technology analytical facilities, instrumentation, trained scientists, and technicians. Until recently, the use of nuclear techniques in human health in developing regions was used mainly for clinical diagnosis like radioimmuno assay (RIA) and very few applications of isotopic tracers were used to quantify metabolic events in vivo.
Stable isotope methodology
Human life is based mainly on a limited number of elements: hydrogen (H), carbon (C), nitrogen (N), and oxygen (O). These elements exist in nature in two or more forms that differ only in the number of neutrons in their nucleus. The major isotope (hydrogen-1, carbon-12, nitrogen-14, or oxygen-18) is accompanied by a constant proportion of minor heavier isotopes whose individual abundances range from 0.02% to 1.11%. An inventory of the human body shows that a 50 kg individual has an aggregate of 225 g of hydrogen-2, carbon-13, nitrogen-15, oxygen-17, and oxygen-18. Although there are variations in the proportions of 1 H to 2 H, 13 C to 12 C, 14 N to 15 N, and 16 O to 18 O, each has a characteristic baseline abundance to which tracer measurements are referred. The enriched form (e.g., 2 H 2 O or H 2 18 O) may be used directly, 13 CO 2 may be incorporated into plants by biosynthetic procedures, or the isotope may be transformed through organic syntheses into labeled fats, carbohydrates, or amino acids.
Stable isotopes emit no externally measurable radiation and their presence in excess of natural levels is Isotopic tools for strengthening health and nutritional monitoring and their current applications in developing regions of the world Mauro E. Valencia is affiliated with the Centro de Investigación en Alimentación y Desarrollo, Hermosillo, Sonora, México. Venkatesh Iyengar is affiliated with the International Atomic Energy Agency in Vienna, Austria Mauro E. Valencia and Venkatesh Iyengar detectable only by changes in the ratio of minor isotope to major isotope. Such ratio is measured by an isotope ratio mass spectrometer in which heavy and light forms of the same molecule undergo separation and quantification. A purified sample of hydrogen gas, carbon dioxide, or nitrogen is admitted through a highly-restricted opening into an ion source under vacuum. The gas molecules are bombarded by a stream of electrons, whereby they acquire a positive charge and are accelerated into a magnetic field. Here the ionized gas molecules become segregated according to mass and strike individual collector plates. So ions generate currents that are proportional to their numbers and enable their quantification. Other assessing-methods have been developed recently (emission spectrometer and infrared absorption measurement).
These stable isotopes can be administered orally and the metabolic products into which they enter (e.g., body water, respiratory carbon dioxide, urea) can be detected in breath, saliva, milk, urine, and stool. The measurement of factors like breastmilk intake, energy expenditure, micronutrient status, macronutrient-utilization, body composition, and many more is important in assessing the nutritional status of infants, children, pregnant women, and nursing mothers, as well as that of individuals who subsist on marginal food supplies.
Another important use for stable isotopes is the assessment of trace element bioavailability and pools sizes, such as iron ( 57 Fe & 58 Fe) and zinc ( 67 Zn & 70 Zn). The uptake of these labeled micronutrients can be traced in vivo, which has been widely used for measuring the effectiveness of supplementation or fortification trials in several developing countries. 13 C-urea breath tests are used to examine bacterial colonization by Helicobacter pylori. The test measures the production rate of 13 CO 2 in expired air, followed by oral ingestion of 13 C-labelled urea. Breath tests for Helicobacter pylori using stable isotopes are reliable and non-invasive tools that can be safely applied to children from developing areas where high rates of infection and malnutrition are observed.
Isotope dilution methods are used to assess vitamin A status. The principle relies on labeled carotenoid conversions to vitamin A, which can be traced with 13 C carotenoids. Vitamin A pool sizes are measured by the dilution of an oral ingested tracer into the different body pools. This technique has potential applications in measuring the effectiveness of vitamin A and carotenoid supplementation and fortification regimes in nutrition studies.
The role of nuclear and isotopic techniques in nutrition research
The International Atomic Energy Agency (IAEA) has played an important role in promoting the safe use of peaceful nuclear technology in many areas. One of its program areas is human nutrition and healthrelated studies. The IAEA's objective is to promote the use of nuclear techniques for development purposes. Nutrition is a top priority within the health sector, particularly in poorer countries, and a global cooperation priority. IAEA activities in human health as well as in technical cooperation, include a new emphasis on isotope techniques as tools to evaluate human nutritional status and the nutritional quality of foods within the context of national development programs. These techniques are now considered the best methods for measuring the up-take and bioavailability of many important nutrients. They are thus well-suited for determining the success of food supplementation programs and other interventions aimed at combating the many forms of malnutrition.
The IAEA's activities in nutritional evaluations were initiated to apply isotope techniques for assessments of human body composition, nutrient intake, and vitamin and mineral availability in developing countries. The application of stable and radioactive isotopes can have a major impact on socioeconomic development by providing added value to the evaluation of the interventions in shorter periods and by providing biological evidence that can result in improvement of the nutrition intervention program. This impact is in terms of both cost-savings and effectiveness.
IAEA human nutrition studies based on stable isotope methodology

Estimation of total energy expenditure
Caloric expenditure varies individually and is influenced by different biorhythm. Therefore, a field assessment is necessary. When doubly-labeled water ( 2 H 2 18 O) is administered to a subject, both isotopes mix with body water and are eliminated in body fluids over a period of days. The turnover of body water can be estimated from the daily measurements of H-2 concentration in urine or saliva samples. When the samples are analyzed for O-18, the values will reflect a more rapid excretion rate than that for H-2 (deuterium) because the O-18 is also incorporated into exhaled carbon dioxide. The difference in excretion rates between O-18 and H-2 tracers thus reflects the volume of carbon dioxide produced over the period of observation. This parameter can be used to calculate the total energy expenditure of a subject.
Determination of lean body mass
A tracer dose of water labeled with H-2 or O-18 is administered and allowed to equilibrate for four to six Isotopic tools for strengthening health and nutritional monitoring hours. The isotope concentration in saliva or urine will reflect the dilution undergone by the isotope. When the lean body mass is calculated, the difference in body weight is the amount of adipose (fatty) tissue.
A simple measure of overall nitrogen-flux
The nitrogen-flux balance stumbles in periods of stress, then the catabolic processes predominate over synthetic processes and a negative balance is the result. Whole body protein turnover is measured by administration of a single oral dose of an amino acid, or preferably a protein, labeled with N-15 [e.g., yeast grown in medium containing ( 15 NH 4 )SO 4 ]. Urine is collected for 9 to 12 hours and the amounts of tracer nitrogen in urinary NH 3 and in the urea are determined. These two values provide a reliable estimation of whole-body protein turnover that is insensitive to changes in nonprotein-nitrogen metabolism.
Nutrient absorption and utilization after diarrhea
Heliobacter pylori infection is likely to be the most common worldwide bacterial infection. It is estimated that approximately 50% of the general population is affected. The WHO has classified H. pylori as a Group 1 carcinogen.
Young children in developing countries that are the main targets of infection, with a substantial risk of developing gastric carcinoma during adulthood. High infection rates of H. pylori among newborns and young children in developing nations appear to be a major cause of chronic undernutrition and diarrhea syndrome with failure to thrive. The bacteria can survive in the acidic interior of the human stomach due to its capacity to secrete an enzyme called urease, which decomposes the urea contained in the stomach interior into ammonia and carbon dioxide increasing the pH underneath the protective mucous membrane in the stomach where it is protected from the caustic stomach acid. This transitory drop in stomach acidity explained by diminished gastric secretion and an increase in ammonia production during infection, promotes the transit of low bowel pathogens leading to repeated gastrointestinal infections, causing diarrhea and adverse consequences on nutrition and growth.
Weaning infants often have periods of infection leading to diarrhea. During this period nutrient intake is not sufficient to maintain growth and the incidence of infection can be diagnosed by labeled C-13 compounds. For example, when rice labeled with C-13 (exposed to 13 CO 2 , during periods of photosynthesis) is cooked (rice water for rehydration) and fed, digestion and absorption of the starch can be detected from the appearance of 13 CO 2 in breath samples. The degree of malabsorption can be estimated from the recovery of tracer carbon in the total stool carbon.
Other applications
In in vitro studies to assess dialyzability the radioisotope 59 Fe is applied as a marker, this tracer along with 55 Fe and 65 Zn used for in vivo studies of micronutrient uptake and bioavailability. The dual energy x-ray absorptiomentry (DEXA) is widely used in laboratories to measure bone mineral density and body composition. For determining the trace element content in foods and human tissue a broad range of other nuclear analytical techniques are applied.
Developmental need of countries in economic transition
The application of isotope techniques in human nutrition addresses the need to ensure that food interventions are undertaken in an optimal way, using reliable biological indicators. Such interventions would normally comprise food supplementation, fortification, or dietary modification. It should be noted that, in many middle-income countries, the emphasis of national campaigns is currently moving from malnutrition to healthy aging and preventing obesity, coronary heart disease, and type 2 diabetes. The end users of the monitoring and evaluation of intervention programs would usually be public health agencies undertaking such interventions.
The Latin American context
Thanks to the existence of a strong regional research center in Chile, and a strong network of institutions in Latin America, an advisory panel to the IAEA, in a technical cooperation thematic planning meeting, strongly recommended that a regional program include Brazil, Chile, Cuba, Mexico, and Argentina. In Latin America, there was no established institutional network capable of evaluating nutritional interventions through nuclear techniques. On the other hand the region included several countries with large-scale intervention programs. Due to similar conditions it was recommended that the IAEA should investigate the possibility for similar activities in Asia.
In 1998 the IAEA together with the Institute for Nutrition and Food Technology (INTA) organized a planning meeting for a Latin American regional project at INTA in Santiago, Chile. This started the project RLA/7/008 on the use of stable isotopes to evaluate nutrition intervention programs in Latin American. In the first meeting, scientists from the region and some officials in the health and nutrition sectors discussed the different nutrition intervention programs in their countries. Within this framework, preliminary proposals were formulated with the aim of having a Latin American regional project in which nuclear techniques could be applied to complement on-going evaluations of national programs in infants, preschool children, and pregnant and lactating women. The diversity of actions in the region is large, ranging from national supplementary feeding programs, distribution of milk, rice, and meals in day care centers, food assistance for malnourished children, programs for health education and nutrition for families in extreme poverty to problems related to energy expenditure, obesity, and physical activity.
Regional training course
Under technical cooperation actions a regional training course took place in Lima, Peru in 1996. The organization was in collaboration with the local nuclear authority and de Centro de Investigacion Nutricional. This course included Peru, Chile, Brazil, Argentina, Bolivia, Ecuador, Venezuela, Panama, Costa Rica, Cuba, and Mexico.
The objectives of the regional training course were to review human nutrition topics in the region related to the application of isotopic techniques for nutrition intervention and monitoring, to teach the ethical and practical principles of isotopic methods; and to teach the advantages of nuclear techniques in evaluating the impact of programs.
The course provided scientific and technical information regarding the uses and advantages of nuclear technology with both theoretical and practical demonstrations by international experts from industrialized countries and from experts in the region. However, the main success of the course was to initiate a network of research centers and scientists working in nutrition problems interested in using nuclear technology for improving evaluation of nutrition problems in their countries.
Further, in 1997 in Guatemala during the international congress of SLAN (Latin American Society of Nutrition), several meetings and symposia were held on the application of stable isotopes in nutrition studies in Latin America. A definite interest was seen in many of the participants countries who were invited to be part of this network for future actions and studies.
Technical and programmatic solutions
Stable and radioactive isotopes have allowed detailed evaluations of nutrient intake (breastmilk), micronutrient status, body composition, energy expenditure, and bioavailability of nutrients in food supplements and fortified foods. Nuclear techniques do not solve nutrition problems but they can provide important information for decision and policy makers and give added value to intervention programs.
The majority of the work is done through a unique IAEA mechanism called the coordinated research projects (CRP) which focus on method development and the introduction of isotopic techniques to developing countries. The resulting information and technological progress is transferred to improve human health through another mechanism called technical cooperation projects (TCP).
Coordinated research projects (CRP)
The coordinated research projects (CRP) in human nutrition started in the 1970s. Thematic areas were the development of the 55 Fe / 59 Fe method for measurement of non-heme absorption in collaboration with the WHO, development of RIA for serum ferritin, and studies of trace elements in cardiovascular disease. In the 1980s, new CRPs began in the areas of trace elements in human milk and dietary intakes of trace elements and energy expenditure with the doubly-labeled water method. CRPs have concentrated on method development and the introduction of nuclear techniques to developing countries. CRPs have also been important in improving networking. In developing countries sharing common nutrition and health problems, CRPs have facilitated their work on their own problems as well as providing experience in the use of isotopic techniques. At the same time, researchers have been able to address and answer relevant scientific questions that were not possible with conventional methods used in nutrition research. In the beginning there were big (the industrialized country) to small (the developing country) partner type relationships. In these cases the big partner provided the analytical facilities and the field work was done by the small partner. However, at present many developing countries now have their own analytical facilities or are in the process of getting them.
The CRP mechanism is basically reflected in applied research to be carried out in a three to five year period with 10 to 20 country participants. A modest annual funding per institute (only the developing countries) is made available by the IAEA mainly for sample collection and analysis, minor equipment and supplies, temporary staff, and research coordination meetings (RCM). The RCMs are very important in that the different country protocols are discussed in detail. Investigators in the field from the industrialized and developing regions interact by contributing suggestions to improve the projects. Given the common thematic component, harmonized analytical information can be obtained for different regions and countries using nuclear technology. The worldwide CRP mapping for research contract holders is shown in figure 1 . A new type of CRP has been introduced recently that includes funds for supporting doctoral students under the concept of capacity building CRPs.
Technical cooperation projects (TCP)
There are various technical cooperation project (TCP) in which the IAEA assists developing country member states in solving technical problems and providing, at the same time, the necessary know-how. Actions include training courses, which are usually for two to three weeks, and can be attended by participants from developing countries. Fellowships provide technical training for people working in the subject area in which further training is requested. These actions can bring about human resource development for regional participants, improvement of the efficiency of nutrition program delivery, and evaluation and help to resolve challenges with respect to malnutrition and health of the population at large.
The purpose of TCPs is to contribute to socioeconomic development. They are programmed for two to four years, and include one to five participants. The annual funding per institute is approximately US$20,000.00 to $100,000. These funds can be used for training, expert visits, workshops, subcontracts, equipment, and supplies.
The implementation strategy for TCPs has to consider several criteria for approval. There has to be a nutrition intervention in need of evaluation. There must be direct links between technical cooperation counterparts and the public health agencies that can absorb the recommendations resulting from the research and use them to modify interventions if needed. One of the advantages of nuclear techniques over conventional methodology is the response time in the impact evaluation and the number of subjects required. Thus, the use of nuclear techniques can increase the efficiency of the evaluation of such programs. In nutrition interventions a multidisciplinary approach is required; a partnership with social authorities is important for a successful evaluation of the program.
Existing networks, involving technical cooperation counterpart institutes and public health agencies involved in the interventions are added advantages. Such a network exists in Latin America and another one is developing in Asia. TCPs should have a high probability of public acceptance, and simultaneously have an impact on development of member states through the use of nuclear technology. Finally, if the intervention is carried out through a multilateral or bilateral program, it should be established that sufficient Government ownership and commitment exists to ensure successful implementation and sustainability. Figure 2 show the worldwide map with technical cooperation contract holders.
Field applications of isotopic tools for strengthening health and nutrition monitoring
The IAEA through coordinated research projects and technical cooperation projects in the areas of health, nutrition, and environment are eminently positioned to provide the technical underpinnings to international efforts for improving the quality of life [4, 5] . To date, FIG. 1. Countries currently participating in CRPs on nutrition and environmental studies isotopic strategies evolved through IAEA efforts to measure energy metabolism, resistance to insulin, rate of synthesis of fat, changes in protein synthesis, lactation performance, bone mineral density, food composition, efficacy of nutrient fortification, nutrient utilization, and prevalence of infection are implemented in more than 50 of its member states. A few examples are cited below.
Latin America and Asia
The doubly-labeled water method ( 2 H 2 18 O) is the only technique that can accurately determine the energy needs of people in their own environment. The results of investigations on energy expenditure of young children and adults in Cuba and Chile and Mexico based on doubly labeled water are being used by the FAO/WHO/UNU expert committee convened during 2001 to establish new energy recommendations. Prior to this regional project, data on energy expenditures were based on surveys in developed countries.
Methods based on isotope dilution using 2 H or 18 O are widely accepted for monitoring body composition especially in the context of onset of obesity. Over 2,000 subjects from Brazil, Chile, China, Cuba, India, Jamaica, Mexico, New Zealand, and Nigeria have been investigated to identify changes leading to obesity to formulate preventive care.
As a result of the existence of a strong regional research center in Chile, and a strong network of institutions in Latin America, an IAEA regional program (known as the Regional Latin America RLA/7/008) that includes Brazil, Chile, Cuba, Mexico, and Argentina using isotopes for evaluating nutrition intervention programs is being implemented. After three years, a measurement network in support of nutrition metrology has been established. Two major laboratories are operating in Chile and Mexico with internationally recognized expertise in applying stable isotope mass spectrometry for nutrition research. Other laboratories in the region are working with alternative techniques such as infrared spectroscopy (IRS and FTIR) for body composition and lactation studies, dual x-ray absorptiometry (DEXA) and RIA for determination of hormones and nutrients.
National nutrition interventions based on stable isotope technology have been introduced in Chile and Mexico. In Chile, 300 children participated in a study (designed to cover 1.3 million children) in a national nutritional intervention program (National Complementary Feeding Program). As a result, anemia was reduced from 30% to less than 5% after a year of providing iron-supplemented weaning foods, leading to increased use of foods fortified in iron and zinc. This is expected to impact on educational performance and decreased infections. Mexico is exploring the use of stable isotope technology in a national program (PROGRESA) to assess the effect of food supplements to a large number of pregnant and lactating mothers and preschool children currently being supplied with 20% of their energy requirements and 100% of iron, zinc, and vitamins A, C, E, B 2 , B 12, and folic acid. The effects on energy expenditure, physical activity, body composition, and breastmilk intake are being monitored by the doubly-labeled water technique.
Similarly, the first phase of the project in the Regional East Asia and Pacific (RAS/7/010 in China, Indonesia, Malaysia, Pakistan, Philippines, Thailand, and Vietnam), in which stable isotopic techniques were used to assess zinc and iron bioavailability to measure the effectiveness of multinutrient supplementation has
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Isotopic tools for strengthening health and nutritional monitoring been successfully completed. For example, in Indonesia it is estimated that 35% of schoolchildren are underweight and 50% are micronutrient-deficient including iron and zinc. Technical and scientific input by IAEA to the national food fortification program has addressed the problem of iron and zinc through the wheat flour fortification initiative, which will benefit both children and adults.
Other CRPs addressing global health challenges
Persistent diarrhea accounts for over 60% of infant diarrheal deaths in Brazil, 47% in India, 36% in Senegal, and 26% in Bangladesh. Stable isotope techniques are the best and most cost effective modes of diagnosis of Helicobacter pylori (Hp) infection. A number of countries in Africa, Asia, and Latin America have joined a CRP on Hp infection and malnutrition addressing public health problems particularly in the young population. Through an IAEA project for facilitating diagnosis and preventive interventions, 1,300 children mainly from Bangladesh, India, Pakistan, and Benin have been investigated. Isotopic techniques using 13 C-labeled substrate breath tests for bacterial colonization and digestion and absorption of nutrients (lactose, amino acids, and triglycerides) that are sensitive tools to examine the significance of Hp and its consequences on poor nutrient assimilation in young children have been successfully used for breath sample analyses in these countries. It is estimated that by 2025 there will be 1.2 billion elderly people in the world. Techniques based on dual energy x-ray absorptiometry offer noninvasive methods for investigating the variation of bone mineral density. Under an IAEA initiative, over 6,000 subjects from Brazil, China, Russia, Turkey, and a few other countries have been investigated to assess bone mineral density (BMD) to evaluate measures for preventive health care. Highly significant differences in mean weight, height, and BMD between countries (p < .001) was found. Following adjustment for age, weight, and height, differences in BMD persisted between centers for both men and women. Significant differences existed in young adult bone mass which, if persisting into old age, may contribute to a two-to three-fold difference in fracture risk.
A CRP on the reference Asian man with the participation by several Asian countries (RAS project) generated reliable data sets for dietary intake for all participating countries (and in tissues by some) that will enhance their ability to resolve national problems of radiological protection, as well as to facilitate development of the characteristics of a reference Asian man, the primary goal of this project. Improved reference values have been derived for a number of additional elements and reference material matrices that will strengthen the capability to address also issues of nutritional interest.
Refined isotopic techniques resulting from a CRP on the isotopic evaluations of maternal and child nutrition to help prevent stunting have been used extensively in field studies in Latin America and Pakistan, and in an on-going CRP on isotopic evaluations on infant growth-monitoring, in collaboration with the WHO Growth Monitoring Programme.
Future prospects
There has been impressive progress in the instrumentation of isotope ratio mass spectrometry (IRMS) incorporating a gas-chromatographic interface. This improvement facilitates specific compounds to be converted to carbon dioxide, hydrogen, or nitrogen yielding compound specific isotope ratio measurements. This is expected to open new and exciting applications in nutritional sciences. New alternatives for stable isotope analysis, such as infrared techniques for 2 H 2 and 13 C, offer the possibility of quantifying stable isotopes at cheaper costs. The IAEA has a system of research sub-contracts to pay for isotopic analysis, which usually go to the industrialized country laboratories. These technologies might help make developing regions more independent in their analytical facilities and hence in their capacity to address their own problems. However, these technologies must be properly validated.
Multiple rather then single micronutrient supplementation programs for bioavailability are very important because of potential nutrient and diet interactions in different populations. In agriculture the selection of species with a higher density of nutrients, like wheat higher in iron or genetically modified foods, will need to be addressed through more research.
In many developing countries, the changing dietary pattern, along with increased life expectancy and changing socioeconomic environment, has contributed to increased obesity and other diet-related chronic diseases that will have an enormous impact on the health care resources of these countries in the near future [6] . The problem of chronic disease, especially in reference to obesity and type 2 diabetes, will need to be explored not only with fasting and postprandial glucose levels, but will require a way to measure insulin resistance in different populations in the developing world were this epidemic is rampant. Body composition, in addition to body size, will have to be explored through dilution techniques and multi-compartment models to strengthen other field methods used to look at body composition. This will allow a study of the quality of growth by looking at changes in fat mass or fat-free mass in shorter periods, rather than only looking at body size changes. The DEXA methodology will be the most helpful and may be used also to look at osteoporosis in the aging population. Milk intake measured by deuterium kinetics is important to evaluate the nutrient intake and health of lactating mothers. Nuclear techniques using deuterium analyzed by IR methods or dual x-ray absorptiometry are becoming more readily available to developing regions.
Poor countries of the world face old problems that have become new. Such is the case of the recent scurvy outbreak, probably complicated with other vitamin and mineral deficiencies in northern Afghanistan (before the conflict). This problem has affected about 10% of the population of the villages of Lafraye and Melgee [7] . These deserted and isolated areas require the distribution of flours, cereal/legume blends, and other foods fortified and/or enriched with vitamin C and other micronutients. These and other similar future emergency or long-term programs will have to be evaluated to be sustainable and effective.
